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Available online 8 June 2012AbstractThe purpose of this study was to explore the effects of AMPKa2 knockout on expression of GLUT4 after exercise with different intensities.
This was investigated in the quadriceps femoris muscle from control, lower intensity (12 m/minute) and higher intensity (20 m/minute) running
groups of wild-type (WT) and AMPKa2 knockout (KO) mice. The skeletal muscle glycogen content was also measured to investigate the role of
AMPK in regulation of glycogen metabolism. GLUT4 mRNAwas increased immediately at the end of 60 minutes of running, but there were no
differences between WT and KO mice, and between lower intensity and higher intensity groups. Pre-exercise muscle glycogen levels were not
different between WT and KO; however, the lack of the a2-isoform was associated with a generally lower level of muscle glycogen after
60 minutes of running either with lower intensity or higher intensity. The finding that KO of the AMPKa2 isoform had no effect on expressions
of GLUT4 mRNA and protein expression in mouse skeletal muscle and that muscle glycogen degradation was greater in AMPKa2 KO mice than
that in WT mice after different intensity exercises, provides further evidence that AMPK is dispensable in exercise-induced expression of
GLUT4, and suggests alternative pathways other than GLUT4 being involved in the regulation of muscle glycogen degradation by AMPK. Also,
the present investigation demonstrated that higher intensity (20 m/minute) treadmill running, lasting 1 h, increased GLUT4 mRNA in mice
skeletal muscle to a level similar to that attained after 1 h of lower intensity (12 m/minute) treadmill running.
Copyright  2012, The Society of Chinese Scholars on Exercise Physiology and Fitness. Published by Elsevier (Singapore) Pte Ltd. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Because skeletal muscle is an important tissue in maintaining
glucose homeostasis, and the content of GLUT4 is a primary
factor in determining the maximal rate of glucose transport into
skeletal muscle,1 increasing GLUT4 protein is a potential
method to treat the hyperglycemia associated with diabetes.
Previous studies have shown that exercise can induce a rapid
adaptive increase in GLUT4 expression.2e4 Therefore, it is
important to understand how exercise regulates GLUT4* Corresponding author. Beijing Sport University, Beijing 100084, China.
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access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-ndexpression so that therapeutic strategies might be designed to
help increasemuscle glucose disposal as a treatment for diabetes.
One possible mediator that might be involved is 50AMP-
activated protein kinase (AMPK). Exercise increases AMPK
activity in skeletal muscle,5e7 and activation of AMPK
by 5-aminoimidazole-4-carboxamide-1-b-4-ribofuranoside
(AICAR) is associated with increases in GLUT4 mRNA and
protein content.8e10 Further evidence that AMPK plays a role
in regulating GLUT4 expression comes from observations that
the time course for GLUT4 mRNA upregulation is the same
for both AICAR and treadmill exercise. Likewise, it appears
that the same DNA promoter sequences are required for the
GLUT4 response to AICAR and exercise. When the mice
carrying only e730 base pairs (bp) of the human GLUT4
promoter are exercised, there is no GLUT4 mRNA increase.11cise Physiology and Fitness. Published by Elsevier (Singapore) Pte Ltd. This is an open
/4.0/).
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in a significant increase in relative GLUT4 mRNA levels in the
e895 bp, but not in the e730 bp, promoter.12
Glycogen is an important energy source for the working
muscle, especially at moderate to high intensities. Studies
have shown that AMPK phosphorylates glycogen synthase
(GS) on site 2 with a concomitant reduction in GS activity,13,14
and the deactivation of GS induced by activation of AMPK
using AICAR is abolished in AMPKa2 knockout mice.15 A
somewhat surprising finding was that while AICAR stimula-
tion decreased GS activity, the glycogen content in skeletal
muscle was increased rather than decreased.16,17 Given that
the content of GLUT4 is the primary factor in determining the
rate of glucose transport into skeletal muscle,1 and latter
finding also proved that the rate of glycogen synthesis is
depending on the rate of glucose transport rather than the
activity of GS,18,19 we proposed that it could be caused by the
stimulatory effect of AMPK on the expression of GLUT4,
which might override the inhibitory action of AMPK on GS
activity, resulting in enhanced glycogen synthesis in skeletal
muscle.
Because AMPK activity is exercise intensity depend-
ent,20e22 the purpose of this study was to explore the effects of
AMPKa2 knockout on expression of GLUT4 after exercise
with different intensities. Also the skeletal muscle glycogen
content was measured to detect the role of AMPK in regula-
tion of glycogen metabolism.
MethodsAnimalsThe study protocol was reviewed and approved by the
Animal Care and Use Community of Beijing Sport University.
Two-month-old C57/BL mice were housed with controlled
room temperature and lighting (20e25 C and 12:12 hour
lightedark cycle) and free access to food and water. AMPKa2
knockout (KO) mice specimens were kindly provided by
Benoit Viollet (Department of Endocrinology, Metabolism and
Cancer, Institute Cochin, University Paris Descartes, France),
and bred by the institute of Laboratory Animal Science,
Chinese Academy of Medical Sciences (CAMS) & Peking
Union Medical College (PUMC). Wild-type (WT) and KO
mice were littermates produced by intercross breading of
heterozygote parents and the genotype of the offspring was
determined by Southern blotting on DNA extracted from
a tail-piece.Treadmill exercise protocolPrior to the experiment, all mice were acclimatized to
treadmill running at days e3 and e2, by running for 5 minutes
at 10 m/minute, 4 minutes at 15 m/minute, and 2 minutes at
20 m/minute. During acclimatization and the experiment, an
air-gun was used to encourage running if necessary. On the
experimental day, wild-type (WT; n¼ 30) and AMPKa2
knockout (KO; n¼ 30) mice were randomly subdivided intothree groups: control group; lower intensity (0% incline, 12 m/
minute) group; and higher intensity (0% incline, 20 m/minute)
group.23 All mice in the exercised groups completed
60 minutes of continuous running. Immediately after the
60 minutes running, control and exercised mice were anes-
thetized with an intraperitoneal injection of pentobarbital,
5 mg/100 g of body weight, and eye blood sample was
collected for the measurement of blood glucose. Quadriceps
femoris muscles were excised. Immediately after removal, the
wet weight of muscle tissue for the muscle glycogen was
measured, whereas muscles for the remaining analyses were
quick-frozen with aluminum tongs, precooled in liquid
nitrogen, and stored at e80 C.RNA isolation and RTTotal RNAwas isolated from approximately 20 mg crushed
muscle tissue using the guanidinium thiocyanate-phenol-
chloroform extraction technique.24 Reverse transcription of
total RNA to cDNA was performed using the AMV Reverse
Transcriptase Kit (Promega A3500; Promega, Madison, WI,
USA) in a Perkin-Elmer DNA Thermal Cycler (Perkin-Elmer
Applied Biosystems, Foster City, CA, USA). First-strand
cDNA was synthesized from 1 mg total RNA in a 20 mL
reaction using random hexamers as primers. The reaction was
run at 42 C for 90 minutes and thereafter at 72 C for
10 minutes.Real time PCR (RT-PCR)RT-PCR was performed in a GeneAmp 7300 Real Time
PCR System using the GeneAmp SYBR Green kit (Perkin-
Elmer, Applied Biosystems, Foster City, CA, USA) with the
previously synthesized cDNA as template in a 20 mL reaction.
A no-template control was included in all experiments. The
GeneAmp 7300 system monitors the amplification of DNA in
real time using an optical imaging system, via the binding of
a fluorescent dye to double-stranded DNA. Forward and
reverse primers complementary to the mouse GLUT4 gene
(GenBank NM_009204) were designed using Primer Express
software (Perkin-Elmer, Applied Biosystems, Foster City, CA,
USA). The GLUT4 forward primer sequence (50 to 30) was
CTT GGC TCC CTT CAG TTT GG, whereas the reverse
primer sequence was CTA CCC AGC CAC GTT GCATT. The
expression of GLUT4 was compared with expression of b-
actin, which was continuously expressed at constant amounts
in cells. The primers for b-actin were forward: AGG CAA
ACC GTG AAA AGATG and reverse: CAC AGC CTG GAT
GGC TAC GT. Initial conditions for PCR were (in centigrade)
55 C for 2 minutes, 95 C 10 minutes and then cycling for 40
cycles between 95 C for 30 seconds and 60 C for 1 minute.
This was followed by dissociation, 1 cycle of 95 C for
15 seconds, 60 C for 30 seconds and 95 C for 15 seconds.
The cycle threshold (CT) of GLUT4 was subtracted from the
CT of b-actin giving the dCT. The value of the control dCT
(wild type) was set to one, and the control (wild type) dCTwas
subtracted from the experimental dCT yielding the ddCT. The
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was calculated as 2ddCT, as described.25Immunoblot analysisFor the measurement of concentrations of GLUT4 and
AMPKa2, electrophoresis and Western blotting were per-
formed on homogenates extracted from the quadriceps fem-
oris muscles. Protein content in lysates was measured by the
bicinchoninic acid method (Pierce, Rockford, IL, USA). A
quantity of 20 mg of protein was resolved on sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, followed by
electrophoretic transfer to nitrocellulose filter (NC)
membranes. After blocking with a 5% skim milk suspension
for 1 hour at 22 C, the membranes were incubated overnight
at 4 C with goat anti-GLUT4/AMPKa2 polyclonal (1:1000)
obtained form Santa Cruz Biotechnology (Santa Cruz, CA,
USA), and then in incubated with anti-goat horseradish
peroxidase (Santa Cruz Biotechnology, Santa Cruz, CA,
USA) for 1 hour at 22 C. To confirm equal protein loading
and transfer, membranes were stripped and reprobed with
monoclonal anti-b-actin (1:4000, Santa Cruz Biotechnology,
Santa Cruz, CA, USA) and then incubated with anti-goat
horseradish peroxidase (1:20,000). All antibodies were
diluted in 1% polyvinylpyrrolidone in Tris buffered saline
(TBS), and membranes were washed between antibody
incubations three times with Tris buffer saline with Tween-20
(TBST) for 10 minutes. Membranes were exposed to
Electrochemiluminescence (ECL) solution for 1 minute and
placed in an autoradiography cassette. Immunoreactive bands
were highlighted by ECL, exposed to light-sensitive film for
15e60 seconds and quantified by densitometry using image
analysis software (Kodak Digital Science, New York, NY,
USA). The individual values were originally expressed as
a percentage of a standard (b-actin content) and then
expressed as a percentage of the control group (WT) value.
The control group value of WT was set at 100%.Blood glucoseThe glucose concentration was measured by a glucose
oxidase method as described previously.26,27Muscle glycogenMuscle glycogen concentrations were determined by
enzymatic methods according to Lowry and Passonneau after
acid hydrolysis.28 Results are expressed as millimoles of
glucose per kilogram of wet weight.Statistical analysisFig. 1. (A) Representative immunoblots of AMPKa2 protein; (B) AMPKa2
protein content response to exercise in wild-type (WT) and AMPKa2
knockout (KO) mice. KO, nondetectable. n¼ 9e10.All values are reported as means standard deviation (SD).
Mean differences from each experiment were analyzed by
two-way ANOVA, and a Tukey post hoc test was used when
significance was found. Statistical significance was set at
p 0.05.ResultsAMPKa2 protein contentResults from immunoblot analysis showed (Fig. 1) no
differences in muscle AMPKa2 protein content between
control and exercised groups in WT mice.GLUT4 protein contentResults from immunoblot analysis showed (Fig. 2) no
differences in muscle GLUT4 protein content between control
and exercised groups in either the WTor KO mice and between
WT and KO mice in either the control or exercised groups.GLUT4 mRNA contentResults from real time PCR showed (Fig. 3) no differences
in muscle GLUT4 mRNA between WT and KO mice in either
the control or exercised groups. The increase in GLUT4
mRNA in response to exercise was statistically significant
( p< 0.05), and no differences between lower intensity and
higher intensity groups.Muscle glycogenMuscle glycogen content of WT and a2-KO quadriceps
femoris (Fig. 4) was reduced by ( p< 0.01) 28% and 49% after
1 hour of treadmill running with lower intensity, respectively,
and reduced by ( p< 0.01) 44% and 59% after 1 hour of
Fig. 2. (A) Representative immunoblots of GLUT4 protein; (B) GLUT4
protein content response to exercise in wild-type (WT) and AMPKa2
knockout (KO) mice; n¼ 9e10.
Fig. 4. Muscle glycogen content response to exercise in wild-type (WT) and
AMPKa2 knockout (KO) mice; n¼ 9e10. *Significantly different from
control group ( p< 0.05). &Significantly different from low intensity group
( p< 0.05). #Significantly different from WT values ( p< 0.05).
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firming that WT and a2-KO animals had performed
a substantial amount of running. After 1 hour of treadmill
running, the muscle glycogen content in higher intensity group
was less ( p< 0.05) than that in lower intensity group. Pre-
exercise muscle glycogen levels showed no difference
between WT and KO. However, the lack of the a2-isoform
was associated with a generally lower ( p< 0.05) level of
muscle glycogen after 1 hour of treadmill running.Fig. 3. GLUT4 mRNA content response to exercise in wild-type (WT) and
AMPKa2 knockout (KO) mice; n¼ 9e10. *Significantly different from
control group ( p< 0.05).Blood glucoseTreadmill running with lower intensity reduced ( p< 0.05)
blood glucose concentration (Fig. 5) by 41% and 56% in WT
and a2-KO mice, respectively, compared with control groups,
whereas the blood glucose concentration was unaffected by
the higher intensity treadmill running and there was no
difference between WT and a2-KO mice.Discussion
Given that the content of GLUT4 is a primary factor in
determining the maximal rate of glucose transport into skeletal
muscle1 and over-expression of GLUT4 in skeletal muscle
ameliorates many of the symptoms associated with type 2
diabetes,29e31 there has been considerable interest in under-
standing the regulation of GLUT4 expression. Several studies
over the last decade have contributed to the current under-
standing that exercise induces a rapid adaptive increase in
GLUT4 expression.2e4
However, only little is yet known about the intracellular
signaling pathways involved in eliciting these acute responses.
One possiblemediator thatmight be involved isAMPK, because
AMPK is activated in skeletal muscle during exercise5e7 and
pharmacological activation of AMPK is associated with
increases in GLUT4 mRNA and protein content.8e10 Although
pharmacological activation of AMPK in resting muscle8e10 can
activate expression of GLUT4, the present finding that the lack
of the AMPKa2 isoform did not have any effect on expressions
of GLUT4 mRNA and protein expression in mouse skeletal
muscle after different intensity exercises provides, however,
further evidence that AMPKa2 is not essential for the acute,
adaptive responses of GLUT4 to exercise. This finding is sup-
ported by the fact that overexpression of a kinase dead AMPK
construct did not reduce the exercise-induced activation of the
GLUT4 gene in mouse muscle.32
Fig. 5. Blood glucose concentrations response to exercise in wild-type (WT)
and AMPKa2 knockout (KO) mice; n¼ 9e10. *Significantly different from
control group ( p< 0.05).
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muscles can probably be explained by alternative signaling
induced by exercise, e.g., the remaining a1 isoform or
calcium-calmodulin-activated kinase-dependent (CaMK)8,33,34
signaling. Because the AMPKa2 knock-out mice had a 2e3-
fold increase in a1 expression and a 2-fold increase in
contraction-stimulated a1 activity,14,15 it is possible that the
up-regulation of a1 compensated for the loss of a2 function.
Also, Studies have shown that incubated C2C12 myotubes
with caffeine is associated with increases in GLUT4 expres-
sion,34,35 because CaMKII activity is also increased in skeletal
muscle during exercise,36,37 it seems reasonable to speculate
that the observed increase in GLUT4 expression in AMPKa2
KO mice might be mediated by CaMKII. Further studies are
needed to clarify this.
Another interesting finding was that exercise bouts at
12 m/minutes and 20 m/minutes increased GLUT4 mRNA in
both KO and WT mouse skeletal muscle to a similar extent.
Contrary to our original hypothesis, the higher intensity
exercise was no more effective than lower intensity exercise
in eliciting increases in GLUT4 mRNA levels. The reason for
this is not clear but it could be that during relatively low-
intensity exercise, there may have been a progressive
increase in AMPK20e22 and CaMKII activity36,37 with
increasing exercise duration, and reached to the level at
which the maximal amount of GLUT4 mRNA expression
was induced. Alternatively, lower intensity exercise may
have been sufficient to initiate and activate GLUT4 tran-
scription, with no further increases at the higher intensity
exercise.
In WT mice, protein of GLUT4 failed to increase in
response to exercise, that is in contrast to previous studies.4
It is possible that there was an inadequate time for change
in GLUT4 protein to become evident. There are important
multiple steps in the regulation of cellular protein,
including gene transcription, mRNA stability, proteintranslation rate, translation efficiency, and posttranslational
modifications, which could result in the expression of
GLUT4 protein later than gene. A previous study38 has
shown that the exercise-induced increase in GLUT4 protein
is delayed until 1.5 hours of recovery, and the 0 hours of
recovery in the present study was most likely caused by an
inadequate time for change in GLUT4 protein to become
evident.
Miyamoto et al16 have shown that while AICAR stimula-
tion decreased GS activity, the glycogen content in skeletal
muscle was unchanged, and proposed that it might be caused
by the stimulatory effect of AMPK on the expression of
GLUT4. AMPK is activated in skeletal muscle during exercise
and exercise also induces a rapid adaptive increase in GLUT4
expression, so we hypothesized that the lack of the AMPKa2
isoform would result in a deceased GLUT4 expression, which
would reduce the glycogen synthesis during exercise, therefore
the glycogen content in AMPKa2 KO mice would be lower
than that in WT mice after exercise. As expected, in the
present study muscle glycogen degradation was greater in
AMPKa2 KO mice than that in WT mice, but the finding that
the lack of a2-AMPK isoform had no effect on the exercise-
induced GLUT4 expression suggests that pathways other
than GLUT4 are involved in the regulation of the glycogen
synthesis by AMPK. As Glycogen is an important energy
source for the working muscle, and previous studies have
shown that a2-KO muscles were more metabolically stressed
than WT muscles during exercise,39 so the exaggerated
breakdown of glycogen in KO mice could perhaps be caused
by higher metabolic stress during exercise as reported
previously.
The blood glucose concentration was reduced by 41% and
56% in WT and a2-KO mice after treadmill running with
lower intensity, respectively, compared with control groups,
whereas the blood glucose concentration was unaffected by
the higher intensity treadmill running. We also found that after
1 hour treadmill running, the muscle glycogen content in the
higher intensity group was lower than that in the lower
intensity group. Therefore one scenario could be that during
higher intensity exercise, the increasing consumption of
muscle glycogen would have slowed down the consumption of
blood glucose. Furthermore, blood glucose during exercise
reflects a balance between liver output and uptake of the
mainly working muscles, as liver glucose output increases
with exercise intensity, this might also make sense. In addi-
tion, while previous work40 in AMPKa2 KO mice had shown
a higher concentration of blood glucose than that in WT mice,
in the present study, the blood glucose concentration seemed
to be higher in AMPKa2 KO mice than WT mice, but the
difference was not significant. Further studies might reveal if
this was caused by the sample size used.
In conclusion, the finding that the lack of AMPKa2 isoform
had no effect on exercise-induced expression of GLUT4, but
muscle glycogen degradation was greater in AMPKa2 KO
mice than that in WT mice, suggesting that AMPK is
dispensable in exercise-induced expression of GLUT4, thus
suggests an alternative pathway other than GLUT4 might be
21H. Gong, Y. Zhang / Journal of Exercise Science & Fitness 10 (2012) 16e22involved in the regulation of the glycogen metabolism by
AMPK. Also, the present investigation demonstrated that
higher intensity treadmill running (20 m/minute), lasting
1 hour, increased GLUT4 mRNA in mouse skeletal muscle to
a level similar to that attained after 1 hour of lower intensity
treadmill running (12 m/minute).
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